Phylogenetic relationships among 24 genera of Rosaceae subfam. Maloideae and Spiraeoideae are explored by means of a cladistic analysis; 16 morphological and anatomical characters were included in the analysis. Published suprageneric classifications and characters used in these classifications are briefly reviewed. Additionally, some new features are here reported, such as seed shape, presence or absence of endosperm, and number of cell layers in the seed coat and in the endosperm. Parsimony analyses indicate that Eriobotrya and Rhaphiolepis form a well-supported clade that is the sister to the remainder of the subfamily. This result is in agreement with published ITS sequence data. other clades are not supported, with the exception of the group Amelanchier-Peraphyllum-Malacomeles. Results of several studies point toward North America as centre of origin for Maloideae, considering the distribution of closely related Spiraeoideae such as Vauquelinia and Lindleia. A non-metric multidimensional scaling analysis of Takhtajan's biogeographic regions was carried out using presence/ absence of genera as characters. Eastern Asia is a centre of diversity from which the number of shared taxa decreases in several directions. This can be associated with the retreat of many taxa belonging to the Early Tertiary tropical-subtropical flora towards the refuges of China, Indochina and Malaysia, after wet-temperate forests were progressively transformed during the Neogene, which seems to be the case of Eriobotrya and Rhaphiolepis. Finally, Osteomeles and Chamaemeles were postulated as long-distance dispersion events while Hesperomeles could have originated in North America and migrated into north-western South America.
INTRodUCTIoN
Maloideae is a very important and intensively studied subfamily of the Rosaceae. Most of the genera are from temperate regions of the Northern Hemisphere, but there is an extension into southern Asia, Hesperomeles grows in South America, and Osteomeles reaches several South Pacific islands. The most significant character state of the subfamily are the pome fruits and the basic chromosome number x = 17 (Sax, 1931) .
In the classification of subfam. Maloideae used by Robertson et al. (1991) , 28 genera were included (Table 1) . However, those generic concepts were not followed by all authors. Gabrielian (1978) and Phipps et al. (1990) 
circumscribed Sorbus in a broad
Tribe Sorbeae according to Koehne (1890) Tribe Crataegeae according to Koehne (1890) Possible genera Koehne (1890) Robertson et al. Aldasoro et al. (1991) (this paper) of this group, proposed any subgroup classification. Two different classifications of subfam. Maloideae have been proposed: Koehne (1890) divided the subfamily in tribes Crataegeae, wherein the ovary wall hardens and each carpel develops into a separate pyrene and Sorbeae, with a membranous to cartilaginous carpellary wall and connate carpels. However, according to Kalkman (1988) this subfamily should be divided into two informal groups: Maleae which has only two (rarely one) ovules per carpel as opposed to several ovules in the Cydonia group. Recent studies based on morphology Rohrer et al., 1991 Rohrer et al., , 1994 , wood anatomy (Zhang, 1992) , and dNA (Campbell et al., 1995) do not support either of these divisions. Past morphological studies included general vegetative habit and branching, bark, dormant buds, foliage, inflorescences, flower and pome features (Sterling, 1965a, b, c; Phipps et al., 1991; Rohrer et al., 1991 Rohrer et al., , 1994 . This generated a large set of characters from which Phipps et al. (1991) used some for their cladistic analysis. We concentrated our efforts on those which showed a presumably lower level of homoplasy. To supplement this set of characters we surveyed some anatomical characteristics of pomes and seeds, which seemed to be informative.
The pome has several features which provided more information, such as: the shape and distribution of sclereids and their groupings and the structure of pyrenes and pome locules (Gabrielian, 1978; Iketani & Ohashi, 1991; Rohrer et al., 1991 Rohrer et al., , 1994 Aldasoro et al., 1998a, b) . Taxonomically important variation in the seed structure of Rosaceae was discussed by Péchoutre (1902) and Danilova (1996) . The most significant characters were seed size and shape, seed coat width, and presence and size of endosperm. According to Péchoutre (1902) the presence of endosperm is widespread in all groups of Maloideae and several other Rosaceae.
Cladistic and molecular systematic essays carried out to clarify the phylogeny of Maloideae came across with great difficulties caused by hybridization between genera in old and strongly homoplasic groups Campbell et al., 1995) . Phipps et al. (1991) obtained trees with a low consistency index. Kalkman (1988) proposed a Gondwanic origin for Rosaceae and Thorne (1983) suggested that Kageneckia, with 2n = 34, might be part of an ancient Gondwana stock which could have some relation with the origin of the subfamily. This could shift the origin to the Early Palaeogene or even to the end of the Cretaceous. other evidences point toward a North American origin, such as the distribution of several closely related Spiraeoideae (Kageneckia, Vauquelinia and Lindleia) or the presence of a fossil related to these taxa: Paleorosa similkameensis (Eocene of British Columbia; Basinger, 1976) .
Maloideae were already well diversified during the Early Tertiary. Several fossil remains of Amelanchier, Cotoneaster, Crataegus, Eriobotrya, Heteromeles, Lyonothamnus, Malus, Mespilus, Peraphyllum, Photinia, Pyracantha, Pyrus, Rhaphiolepis, Sorbus and Vauquelinia were reported from lower Eocene to Pliocene in North America, Asia, and Europe (Zhilin, 1974 (Zhilin, , 1989 Taylor, 1990) (Table 2) . Unfortunately, those data are not sufficient to explain the grounds of current geographical distribution of Maloideae: some of the genera are not reported as fossils (i.e., Osteomeles, Chamaemeles, Dichotomanthes, Cydonia, Pseudocydonia or Chaenomeles) , others are only reported in the Neogene (i.e., Eriobotrya and Rhaphiolepis) and some significant regions have no meaningful fossil record (i.e., Malaysia, Indo-China, and North Africa). Most Maloideae reports are based only on fossil leaves and should be viewed with some caution because there are many instances of convergence between their leaves and those of other families (Manchester, 1999) . The aim of the present work is to integrate phytogeographical, morphological and anatomical data and dNA results in order to elucidate intergeneric relationships within the subfamily Maloideae and to explain its current geographical distribution.
MATERIAL ANd METHodS
Pomes of all genera of subfam. Maloideae were collected in Sir Harold Hillier Gardens and Arboretum, Royal Botanic Gardens at Kew, Wakehurst Gardens, University of Liverpool Botanic Gardens at Ness, Jardim Botânico da Madeira, and Real Jardín Botánico de Madrid and preserved in Kew mixture (Forman & Bridson, 1989 ) (Appendix). Seeds were cut with a razor blade both longitudinally and transversely in order to examine their internal structure. Transverse sections were taken at one third of the length of the pome from the bottom and photographed by optical microscopy. other sections were made with a SLEE-MAINZ-MTC microtome and stained with Fasga mixture (Tolivia & Tolivia, 1987) , a dye consisting of Safranin plus Alcyan green 2GX (Gurr Chemical Co.). Hence, the various plant structures were stained in different colours: cellulose walls in blue, sclerenchyma in pink, suberin in red, and tannins usually in reddish. Because malachite green stains cellulose walls (Alexander, 1980) it was used in some cuts to contrast sclereids against other parenchymatic cells. For scanning microscopy, seeds were sectioned with a microtome, glued on aluminium stubs, coated with 40-50 nm gold, and examined in a JEoL-TSM T330A scanning electron microscope (SEM) at 20 kV.
1. Leaf persistence: 0 = deciduous; 1 = evergreen or semi-evergreen. 2. Stamen number: 0 = lower than 30; 1 = higher than 40. 3. Number and arrangement of ovules in the carpel: 0 = 2 collateral ovules per carpel; 1 = 2 superposed ovules per carpel; 2 = 1 ovule per carpel; 3 = 3 or more ovules collateral and superposed forming columns in each carpel. 4. Style manner of emergence from ovary: 0 = without a pit surrounding the style group; 1 = with a pit surrounding the style group. 5. Fruit in pome: 0 = absent; 1 = present. 6. Sclereid features: 0 = isolated sclereids; 1 = small groups; 2 = large and irregular groups; 3 = large and rounded groups. 7. Pyrene presence and arrangement: 0 = without pyrene; 1 = Cotoneaster-type pyrene; 2 = Crataegus-type pyrene; 3 = solitary pyrene. 8. False locular septa: 0 = absent; 1 = present. 9. Seed section: 0 = flattened; 1 = widely elliptic. 10. Ratio seed width/fruit width: 0 = seeds occupying less than one half of fruit width; 1 = seeds occupying more than one half of fruit width. 11. Seed shape: 0 = oval or rounded seeds in a indehiscent pome; 1 = winged seeds, in a dehiscent fruit. 12. Presence of endosperm: 0 = present; 1 = absent. 13. Number of endosperm layers: 0 = 2-4 layers; 1 = more than 5 layers. 14. Seed coat width: 0 = 1 or 2 layers; 1 = more than 3 layers. 15. Presence of Phloridzin: 0 = absent; 1 = present. 16. Chromosome number: 0 = x ≠ 17; 1 = x = 17. Sixteen morphological, anatomical and chemical characters (Table 3 & 4) were used in the cladistic analysis. Characters were compiled from literature or based on author's observations of herbarium and living material. A description of character and character states are presented in the Results section. Several other characters were tested but they were finally excluded due to high homoplasy indexes (HI higher than 0.625) or because they are continuous and do not present any clear gap.
Cladistic analyses were carried out using the software package PAUP 4.0 beta (Swofford, 1998) . All characters were unweighted and unordered, data were analyzed and trees were constructed by using heuristic search. Polarization of characters into plesiomorphic and apomorphic states was assessed by using the outgroup comparison (Watrous & Wheeler, 1981) . MacClade version 3.04 (Maddison & Maddison, 1992) was used to edit the data set analyzed by PAUP, as well as to map the distribution of particular character state changes. Furthermore, a bootstrap analysis was conducted (Felsenstein, 1985) .
In the present work, Vauquelinia and Kageneckia were selected as outgroups. They were generally considered as related to Maloideae because similarities in the configuration of ovary, fusion of carpels and floral vascularization (Sterling, 1965a (Sterling, , b, c, 1966 Evans & dickinson, 1999) . This relation was also suggested by Campbell et al. (1995) and Evans & Campbell (2002) after studying the ITS and GBSSI sequences. According to Kalkman (1988) Vauquelinia belongs to a clade including osmaronieae, Pruneae, Kerrieae, and Quillajeae (Exochorda Lindl., Lindleya Kunth and Vauquelinia) which is considered as sister group of Maloideae. Phipps et al. (1991) considered Vauquelinia as "typically spiraeoid except in number and winged seeds". other authors preferred to include Vauquelinia and Kageneckia in Maloideae (Goldblatt, 1976; Morgan et al., 1994; Takhtajan, 1997) .
To determine distribution areas which were most similar based on the occurrence of genera, we compared the regions pairwise, with respect to presence or absence of genera (Holloway & Jardine, 1968; Hengeveld, 1990) . The biogeographic system by Takhtajan (1986) was used for this comparison. A matrix of biogeographical regions versus taxa (presence or absence) was made and the regions were compared by using the index by Kulczynski (1928) . This index is appropriate for examination of general biotic similarity based on the number of shared taxa. The matrix was then used to carry out a non-metric multi-dimensional scaling analysis (NMS), assessing the goodness of fit for the resulting spatial configurations through stress values (Kruskal & Wish, 1978) . In order to interpret the plot, a minimum spanning tree (MST) was superposed upon the vectors to detect any undue distortion imposed on multidimensional configuration of regions (Dunn & Everitt, 1982) . Finally, this tree was superposed on the map of biogeographic regions (Takhtajan, 1986) . NMS analysis was carried out by using the NTSYS-pc 1.7 package (Rohlf, 1992) .
Previously the areas of endemism were defined. An area of endemism is a geographic region to which one or more taxa are confined (Axelius, 1991) . Using current methods to identify areas of endemism, we have defined 8 areas: a) Central Asia, West Asia, Europe, North Africa; b) South East Asia; c) East Pacific islands; d) Caucasus, Anatolia; e) Macaronesia; f) West North America; g) Central and South America; h) East North America. Most of these areas have endemic genera, but in some cases genera are shared by two areas, i.e., Osteomeles in b and c, or Cormus in a and d.
RESULTS

Character selection, definition and coding
The characters used in the analysis are listed in Table 3 and 5 and discussed below. Many characters were evaluated but excluded as uninformative at this level of analysis for being either autapomorphic or too variable within genera.
Character 1: Leaf persistence. According to Phipps et al. (1991) this character could be codified in the following states: 0 = deciduous, 1 = wintergreen, 2 = evergreen. However, we preferred to simplify it using only two character states (deciduous and evergreen or semi-evergreen). Character 2: Stamen number. Phipps et al. (1991) considered lower numbers as primitive and higher as derived and codified this character in four states. We have simplified this character into two states with a clear gap: lower than 30, which is considered as primitive and higher than 40 (in Chaenomeles, Docynia and Malus sect. Docyniopsis) which is considered as derived. The most frequent number in Maloideae c. 20, is also the number reported in Vauquelinia (18-20 according to Hess & Henrickson, 1987) . Fewer than 10 stamens is only reported in Crataegus macrosperma (Rohrer et al., 1994 (Sterling, 1964) . We also have found many Sorbus species, mainly from East Asia, which have superposed ovules (see also the drawings of S. corymbifera (Miq.) Tiep & Yakovlev by Kalkman (1973) and of S. caloneura by Stapf (1910) ). The genera with more than 3 ovules per carpel (Chaenomeles, Cydonia, Docynia, Pseudocydonia) show both types of arrangement: collateral and superposed, and they usually have several columns of ovules in each carpel. In Docynia they are superposed in 1 or 2 columns of ovules. Also Kageneckia shows multiple ovules disposed in both types of arrangement. We propose that the state of two collateral ovules could have evolved into the other three states mentioned: one solitary ovule, two superposed ovules and more than three ovules. Character 4: Style manner of emergence from ovary. The presence of a pit in the floral cup surrounding the style group is shared by Cydonia and Pyrus, while all the other taxa and the outgroup do not have this structure; consequently the presence of this pit should be considered as a derived state of character (Aldasoro et al., 1998a) . other Maloideae have styles which emerge fused or independently from the top of the ovary. The grade of style fusion varies frequently even within each genus and it was not useful in this analysis. Dichotomanthes has a remarkable autapomorphy, namely the style emerging laterally from the base of the carpel (Gladkova, 1969) . Character 5: Fruit types. The fleshy fruit formed by fusion of parts of hypanthium and carpels is a shared feature of Maloideae and is usually called pome. Dichotomanthes has a rather distinctive fruit with a fleshy hypanthium which covers the only hard carpel (pyrene) but both hypanthium and pyrene are independent. This special fruit is generally considered as an early pome (Rohrer et al., 1994) . Moreover, in Dichotomanthes sclereid shape and stiffness are very similar to those with hard Crataegus-type pyrenes (data not shown). Dichotomanthes wood anatomy (Zhang & Baas, 1992) and flavonoid chemistry (Challice & Kovanda, 1981) are also similar to other Maloideae. Consequently, we preferred to consider the fruit of Dichotomanthes as a pome. on the other hand, all the Spiraeoideae have dry fruits: capsules, achenes or follicules. Table 5 . Features of flower, pome and seed in Maloideae genera; * indicates data which were taken from Robertson et al. (1991) and ** from Decaisne (1874) ; those data were all corroborated and the rest were obtained during the present study.
Genus Leaf Flower Pome P e rs is te n c e * S ta m e n n u m b e r* P y re n e ty p e * o v u le a rr a n g e m e n t O v u le n u m b e r/ lo c u le * irregular groups, as in Cydonia, Pyrus and Pseudocydonia, and large and rounded groups, as in Sorbus subgenera Aria and Cormus (Fig. 1) (Aldasoro et al., 1998b) . Vauquelinia and Kageneckia have small solitary sclereids more or less spread in the outer part of the pome and crowded sclereids in something similar to a pyrene in the inner part. Isolated sclereids could evolve in several types of groups during the development of the subfamily: 1) small groups; 2) large and rounded groups showing a broad lumen; 3) large and irregular groups showing a small lumen with large walls; these states seem to be derived (Aldasoro et al., 1998a, b) . Character 7: Pyrene arrangement. Pulp structure in Maloideae may have been developed through the loss of sclerenchymatous cells (fleshy pomes) or through a specialized distributional pattern of sclerenchymatous cells (pyrene pomes), according to observations of Iketani & ohashi (1991) . The plesiomorphic condition seems to be a dry achene internally sclerified as in Vauquelinia. Three types of pyrenes could be distinguished in Maloideae (Rohrer et al., 1994) . We have also simplified this character into two states ). Character 9: Seed section. The outgroup and most of Maloideae have seeds with more or less flattened, elliptic equatorial sections, while Eriobotrya and Rhaphiolepis have a rounded or widely elliptic section. This characteristic seems to be meaning for both genera, and we have considered the latter state as derived. It is interesting that both genera have proportionally larger seeds than other Maloideae and inhabit tropical or subtropical evergreen forests of South Eastern Asia (Vidal, 1965; Kalkman, 1973) . Larger seeds survive longer in forest understorey under reduced light intensity (Foster, 1986) . Moreover, Eriobotrya cotyledons are photosynthetic, greening during germination (Ernst, 1906 (Herrera, 1989) and should became more important after the Middle Tertiary (Tiffney, 1984; Primack, 1987) . Character 11: Seed shape. Vauquelinia and Kageneckia, which are closely related to Maloideae, show winged seeds, associated to anemochory and similar to those of some other Spiraeoideae. The rest of the genera have oval or rounded seeds included in the pome. Character 12: Presence of endosperm. All Eriobotrya and Rhaphiolepis seeds studied in this work showed no endosperm development (Fig. 3B, F) . Seeds of other genera of subfam. Maloideae retained variable amounts of endosperm. According to Péchoutre (1902) the presence of endosperm is widespread in many groups of Rosaceae, varying from a single layer in Roseae, Pruneae and Spiraeae, to 15 in some Maloideae (Table 4) . Hess & Henrickson (1987) reported that seeds of Vauquelinia have no endosperm; however, we found in seeds of this genus 2 or 3 layers of endosperm cells. Character 13: Number of endosperm layers. As it was previously mentioned, some genera of Maloideae have a more developed endosperm, as is the case in Crataegus, Hesperomeles, Mespilus and Osteomeles, which have the thickest endosperm consisting of more than 5 layers (Fig. 3A , Table 4 ). The endosperm of the remaining genera is generally 2-4 layers thick ( Fig. 3C-E) . Considering that the outgroups have 2 or 3 layers, some genera of Maloideae could have evolved towards an increase in the number of layers (Crataegus, Hesperomeles, Mespilus and Osteomeles), while others could loose it (Eriobotrya and Rhaphiolepis). Character 14: Number of seed coat layers. The seed coat is most developed in Erio botrya and Rhaphiolepis seed, species showing 8 -18 layers of cells (Table 4) . Pyrus, Sorbus subg. Aria and subg. Torminaria seeds have testas with 3-10 cell layers. Some taxa with pyrenes such as Chamaemeles and Dichotomanthes have 3-5 layers, but in most of them (Cotoneaster, Crataegus, Mespilus, Osteomeles and Pyracantha) the testa has only 1 or 2 layers. Vauquelinia has a thin 1-or 2-layered testa with a conspicuous epidermis. A mucilaginous epidermis characterizes some species of Cydonia, Malacomeles, Malus sect. Eriolobus and Photinia, while in the other genera it was absent. Character 15: Presence of Phloridzin (phloretin 2'-glucoside). Challice (1973) and Williams (1982) studied leaf phenolics in subfamily Maloideae reporting that the presence of this dihydrochalkone is a common feature in Docynia, Malus and Malus sect. Docyniopsis. Phloridzin is absent in the outgroups (Challice, 1974) . Character 16: Chromosome number. The basic chromosome number x = 17 is shared by some Spiraeoideae (Kageneckia and Lindleia) and all Maloideae, while Vauquelinia has x = 15.
Cladistic analysis
The cladistic analysis with equal weighting gave 702 minimal length cladograms, consisting of 35 steps, a consistency index (CI) of 0.771, a retention index (RI) of 0.851, a rescaled consistency index (RC) of 0.657, and a homoplasy index (HI) of 0.371. The strict consensus tree is showed in Fig. 4 . The consensus tree is not fully resolved and there is considerable homoplasy. The consensus tree shows several weak clades which were not firmly supported by the bootstrap values (Fig. 4) . However, several groupings are constant. The ingroup is supported by one synapomorphy: the fruit in pome (character 5), while the outgroups share the winged seeds (character 11). The chromosome number x = 17 is also shared by two Spiraeoideae: Lindleia and Kageneckia, and consequently it is not a synapomorphy of Maloideae.
In the tree showed in Fig. 4 there are two major groups: one formed by Eriobotrya and Rhaphiolepis and another including the remaining genera. The first clade has a high bootstrap support and has two synapomorphic characters (9 and 12), while the second clade is supported by only one (6). Characters 9 and 12 are: the presence of rounded or widely elliptic seeds, and the absence of endosperm, respectively. The loss of endosperm seems an important feature, until now not found in any of the studied Maloideae (Péchoutre, 1902; danilova, 1996; Takhtajan, 1997) .
The second clade, including all the remaining genera of Maloideae, has low bootstrap values and is supported only by the presence of groups of sclereids in the flesh (character 6). There is a minor clade in this group formed by Malacomeles, Peraphyllum and Amelanchier, genera which shared a synapomorphy: the false septa dividing the locules in each carpel (character 8). They have small pseudoberry pomes with sparse groups of sclereids and without any layer of collapsed sclereids protecting the seeds. The rest of the taxa are in a group supported by character 10: they have more fleshy pomes (measured by a lower ratio seed length/pome length). The relations within this clade have not been fully solved as shown in the strict consensus tree (Fig. 4) . The only recognisable group in this clade is formed by the genera with Crataegus-type pyrenes.
Analysis of regions
The sixteen regions used for this study varied in taxon richness from one genus (i.e., Fiji, Hawaiian, Polynesian and Andean Regions) to fifteen genera from the Eastern Asiatic Region: seventeen, if all the taxa used in cladistic analysis are considered (Fig.  5) . The areas of highest endemism were the Eastern Asiatic Region with Dichotomanthes and Pseudocydonia (Tsun-shen et al., 1993) and the Madrean with Heteromeles and Peraphyllum (Axelrod, 1958; Raven & Axelrod, 1974) . Malacomeles is almost endemic, living only in two regions: Madrean and Caribbean. Some other genera like Docynia have a very restricted distribution in the east of the Himalayas, extending in the limits of the Eastern Asiatic, Indochinese and Indian Regions (Browicz, 1969) . Also Eriobotrya and Rhaphiolepis are restricted to the Eastern Asiatic, Indochinese, Malaysian and Indian Regions (Vidal, 1965) . Another region with endemic genera is Macaronesia (with Chamaemeles). Two genera have disjunct distribution areas; they are: Osteomeles, which grows in East Asia and in many Pacific islands (Van Steenis & Van Balgooy, 1966) , and Photinia, which is present in North and Central America and East Asia (Table 6 ). Pyracantha and Pyrus have two separate nuclei in the Palearctic Region: one in East Asia and the other in Europe (Browicz, 1992) . 53% of Eastern Asiatic genera are evergreen while in the Indochinese and Malaysian Regions the percentages are 75% and 80%, respectively. The proportion of evergreens decreased towards the west: in the Indian Region 71.4% while in the Irano-Turanian Region it Table 6 . distribution of genera of Maloideae in Takhtajan (1986) biogeographic regions. Acronyms to genera are: Amelanchier (AME), Chaenomeles (CHA),
diminished to 22%. The highest rate of evergreens in North America is reached in the Madrean, Caribbean and Andean Regions.
While some genera have a very wide distribution (Holarctic) such as Amelanchier, Crataegus, Malus, Mespilus and Sorbus (only subg. Sorbus) (Browicz, 1971; Likhonos, 1974; Phipps, 1990; Phipps et al., 1990) , Cotoneaster, Pyracantha, Pyrus and Sorbus (subg. Aria), are exclusively Palearctic Browicz, 1992; Aldasoro et al., 1996 Aldasoro et al., , 1998b .
The minimum spanning tree obtained from the analysis using multidimensional scaling showed a pattern of relationships among the biogeographical regions based on shared genera, and could indicate paths of migration of these genera (Fig. 5) . The Eastern Asiatic Region showed three main links: 1) with Hawaiian, Polynesian and Fijian Regions (1 genus shared); 2) with Indian, Indochinese and Malaysian Regions (4 genera shared); and 3) with the Irano-Turanian (7 genera shared), Circumboreal (7 genera shared) and Mediterranean Regions (7 genera shared). The latter mentioned regions are related by the minimum spanning tree to the Rocky Mountains Region which is furthermore related to two areas, namely the North American Atlantic Region and the Madrean Region (related moreover to the Caribbean Region and finally to the Andean Region).
A high number of genera (15), many of them endemic, occur from southern to the south-east of China, and in the nearby boundaries of India and Burma included in Eastern Asiatic Region. This number is considerably higher than in all other regions, suggesting that the Eastern Asiatic Region could take an important role in diversification of Maloideae. The ensemble of Indochinese, Malaysian and Indian Regions have a set of genera which are also present in the Eastern Asiatic Region and show more mesophyllic requirements (Dichotomanthes, Docynia, Eriobotrya, Osteomeles, Photinia, Pyracantha and Rhaphiolepis) . The Mediterranean, Irano-Turanian and Circumboreal Regions have a quite similar composition, only lacking Cydonia in the Mediterranean Region (Browicz, 1982 (Browicz, , 1996 . The Madrean Region is one of highest endemicity (the other is the Eastern Asiatic) with Heteromeles, Malacomeles and Peraphyllum. The genera in common between the Caribbean and the Madrean Region are: Crataegus, Hesperomeles, Malacomeles and Photinia, the latter genus being the only representative of Maloideae in the Andean Region. Most of the Madrean, Caribbean and Andean taxa are mesophyllic, showing an evergreen foliage, such as Hesperomeles, Heteromeles, Malacomeles and some species of Photinia.
dISCUSSIoN
Phylogenetic relationships
The classification of Maloideae proposed by Koehne (1890) was based on the absence or presence of pyrenes. This structure, derived from the concentration of sclereids in the centre of the pome, is usually related to seed protection during their passage through the digestive tract of animals involved in zoochory (Herrera, 1989) . Hutchinson (1964) and Kalkman (1988) did not recognize subgroups in Rosaceae. Hutchinson (1964) included all genera in the tribe Pomeae (= Maleae). Kalkman (1988) accepted Hutchinson's proposal but separated a group formed by Chaenomeles, Cydonia, Docynia and Pseudocydonia characterized by multiovulated carpels. These authors and also Robertson et al. (1991) , Phipps et al. (1991) and Campbell et al. (1995) , disavow the use of two tribes proposed by Koehne (1890) .
The data obtained in our cladistic analysis also seem to disclaim Koehne's ordination, but they are in concordance with some of the clades obtained from ITS sequencing by Campbell et al. (1995) . These data served to group Eriobotrya and Rhaphiolepis in a clade (beside Vauquelinia) separated from the other members of subfam. Maloideae. The affinity between both genera seems to be corroborated by shared pome and seed features, such as the rounded or oval seeds, and the absence of endosperm. No other member of subfam. Maloideae studied had such large seeds or lacked endosperm. other shared character states were the small, generally isolated sclereids distributed unevenly in the flesh and the absence of a differentiated core. All these data support the separation of this branch from the rest of the subfamily.
Vauquelinia, with a dry fruit, is also very close to Eriobotrya and Rhaphiolepis (Campbell et al., 1995) . The inclusion of Vauquelinia, Kageneckia and several other Spiraeoideae in subfam. Maloideae was previously recommended by Goldblatt (1976) , Morgan et al. (1994) and Takhtajan (1997) , and the discovery of a fossil closely related to both groups, Paleorosa similkameensis, served to avail this idea (Basinger, 1976; Evans & Campbell, 2002) . Also the studies by Evans & dickinson (1999) about floral anatomy of Spiraeoideae showed characters, such as the ovules with a papillate funicular obturator, and the development of the gynoecium from a ring primordium, which support the inclusion of these genera in an expanded subfam. Maloideae. However, other features of both genera do not favour this treatment. In our opinion, the most important are: dry capsular fruits, winged seeds which present endosperm, and different wood ray anatomy (Zhang, 1992) , characters shared by several other Spiraeoideae. Consequently, we prefer to exclude Vauquelinia and Kageneckia from subfam. Maloideae, at least for the moment.
Another coincidence among our data, Campbell's analysis (Campbell et al. 1995) and the morphological studies by Robertson et al. (1991) , was the clade of Amelanchier, Peraphyllum and Malacomeles. These plants share a pseudoberry pome and false septa in the locules. Additionally, in the group formed by the taxa with pyrenes, four genera with several Crataegus-type pyrenes are well supported. However, according to Campbell et al. (1995) a part of this clade (Crataegus-Mespilus) could be the sister group of the Amelanchier-Malacomeles clade.
The remaining genera of Maloideae form a polytomy that shows the scarcity of phylogenetically informative characters. However, three groups seem to merit a commentary: the group of species with pyrenes, the group Pyrus-Cydonia-Pseudocydonia and the subgenera of Sorbus. The eight genera with pyrenes (character 7, states 1, 2 and 3) do not appear as a clade in our consensus tree, suggesting that sclereids could group and originate pyrenes more than one time in the evolution.
The group Pyrus-Cydonia-Pseudocydonia also does not appear as monophyletic in the consensus tree, but is supported by a synapomorphic character: the large irregular groups of sclereids (character 6, state 2) and other: the pit surrounding the styles (character 4) which reverse in Pseudocydonia. Campbell et al. (1995) data, showed a Cydonia-Pseudocydonia clade. Several authors suggested that Pyrus may have branched from the ancestor of Cydonia and Pseudocydonia before the latter two taxa acquired the pluriovulate condition (Iketani & Ohashi, 1991; Aldasoro et al., 1998a) . Robertson et al. (1991) delimitation of Sorbus is a controversial topic . The four subgenera included in Sorbus were analyzed as independent terminal taxa in order to explore their phylogenetic relationships. In the consensus tree the four subgenera appeared in the basal polytomy. Sorbus monophyly is not reasonably supported here nor is there persuasive evidence in favour of its splitting. Kalkman (1988) reported that the Spiraeoideae Vauquelinia and other related genera belong to a clade that should be considered as sister group of the core of Maloideae. These relationships seem to be confirmed by several ways: 1) by phytochemical evidences (Challice, 1973) , since Lindleya shares with Maloideae the presence of flavone C-gycosides; 2) by dNA evidence (Campbell et al., 1995; Evans & Campbell, 2002; Potter et al., 2002 ) such as ITS sequence data which showed differences between Vauquelinia and Rhaphiolepis only at 3.6% of the sites (Campbell et al., 1995) ; and 3) by analyses of flower development (Evans & dickinson, 1999) .
Fossil record and present distribution
Maloideae could arise in some parts of Western Laurasia, since most of closely related Spiraeoideae grow in North America (Lindleya, Lyonothamnus A. Gray and Vauquelinia) , only Kageneckia grows in South America. Relationships of the South American Spiraeoideae (mainly Kageneckia) to various northern genera are of inter-est, they can be related to North American Lindleya, Lyonothamnus and Vauquelinia, (Banwar, 1966; Raven & Axelrod, 1974) . The last three genera belong to an ensemble of xerophilous taxa, mainly evergreen sclerophyllous shrubs or small trees, which inhabited for a long time the western coast of North America. Leaves of Lyonothamnus and Vauquelinia are very well recorded in western USA during most of the Palaeogene (Axelrod, 1944 (Axelrod, , 1958 (Axelrod, , 1991 MacGinitie, 1953 MacGinitie, , 1969 .
Hybridization has been hypothesized in the genesis of Maloideae and is currently extensive among several genera (Gladkova, 1972; Robertson et al., 1991) . This led some authors to consider that a basal reticulation due to intergeneric hybridization could be related with their phylogenetic origin. Sax (1931) proposed an alloploid event to explain their origin, with a Spiroideae ancestor (x = 9) and a Prunoideae ancestor (x = 8), which is supported by some anatomical and cytogenetic data (Stebbins, 1950; Challice & Kovanda, 1981) . Nevertheless, neither DNA nor wood anatomy data did easily support this view and they may better suggest that Maloideae descend entirely from Spiroideae ancestors such as Kageneckia or Vauquelinia (Zhang, 1992; Morgan et al., 1994; Campbell et al., 1995; Evans & dickinson, 1999; Evans & Campbell, 2002) .
Unfortunately, anatomical and morphological data studied here are not sufficient to explain the current distribution of genera and the evolution of most character states in the subfamily. Several taxa during the Early Tertiary belong to genera with pyrenes (as Crataegus and Pyracantha). This is consistent with the hypothesis of Iketani & ohashi (1991) who postulated that the pome of Pyracantha is the most primitive and the taxa included in Crataegeae are more primitive than those in Sorbeae. other authors think that Dichotomanthes has a more primitive type of pome, in which the carpels are free from the hypanthium in spite of having other derivative traits, such as the solitary carpel with tomentose lateral stylodium (Gladkova, 1969 (Gladkova, , 1972 Takhtajan, 1997) . However, our cladistic analysis favours Eriobotrya-Rhaphiolepis as sister group to the rest of Maloideae, including Dichotomanthes. This clade has some primitive states, including isolated sclereids, high seed/pome length ratio (also shared by the Amelanchier group), and evergreen leaves (also shared by several other genera), and they have also derivative features such as the lack of endosperm and seed shape.
If we see the present geographical distribution of Maloideae, a high number of genera (15) is outspread in an area including the South and South-East of China, and in the nearby boundaries of India and Burma, included in the Eastern Asiatic Region (Fig. 5) . The core of subfamily Maloideae is essentially distributed in the Northern Hemisphere and better represented in subtropical areas of eastern Asia, where it could form a part of the Tertiary Laurasian Boreotropical flora (Tiffney, 1985) . Most of early Tertiary floras of Asia have tropical-subtropical characteristics in common and included several Maloideae (Hsu, 1983; Ming-hong et al., 1983; Leopold et al., 1992; Guo, 1993) . The presence in Indochina and Malaysia of Eriobotrya and Rhaphiolepis (included in the clade which is sister group of the rest of the subfamily) is congruent with an earlier separation of this clade and could be due to the retreat of a part of the oldest Palaeogene flora to the refuges of China, Indochina and Malaysia, while many wet-temperate forests were progressively transformed in many parts of Eurasia during a part of the Palaeogene and the Neogene (Tiffney, 1985) . Both genera were found in north-eastern Siberia and northern China in Miocene sediments (see Table 2 ).
As commented, during the Neogene, forest xerophilization progressed in areas of Central and Northern China, Trans-Caucasia, Middle Asia, Turkey, Iran and South and East Europe, while the remnants of old Tertiary flora occupied separated refuges, such as south-eastern China, Indochina, Malaysia, Caucasus, southern Japan, western North America and northern Central America (Raven & Axelrod, 1974; Hsu, 1983; Tiffney, 1985) , and the new xerophilic taxa spread to Caucasus, Siberia, Europe, and the drier parts of China and the Himalayas (Takhtajan, 1941 (Takhtajan, , 1946 Gabrielian, 1961 Gabrielian, , 1978 . Many of the genera of Maloideae would had to accommodate to these progressively xeric habitats.
A possible line of migration is the link between the Eastern Asia Region and the rest of the Holarctic Kingdom. Western North America and Eastern Asia probably shared a tropical-subtropical flora related to a Palaeogene linkage between the two areas, involving North Atlantic land bridges (Wolfe, 1975; Tiffney, 1985) . The phylogenetic relationships do not always render a satisfactory explanation about the possible biogeographical episodes in the distribution of several taxa of the subfamily. However, some traits can be supposed: the well-supported clade of Malacomeles-Peraphyllum-Amelanchier, sharing the pomes with false septa, suggests an early pass to western North America. Also the disjunct distribution of Photinia could help this hypothesis. Several of these plants are adapted to sclerophyllous forests, and they were found fossil in Early or Middle Tertiary formations of western North America. This is the case with Heteromeles, Peraphyllum and Photinia (Table 2) .
According to Raven & Axelrod (1974) Hesperomeles originated in North America and migrated into north-western South America. The only known report of this genus is a pollen record from the Late Pliocene of Colombia (Wijninga & Kuhry, 1993) . As Crataegus is well represented in Eastern Asiatic flora and several features are shared by Crataegus, Mespilus and Hesperomeles (i.e. superposed ovules, pyrenes with flesh, and several layers of endosperm), the closest relative of Hesperomeles could be some primitive Crataegus (Phipps, 1983) . In the case of Chamaemeles a long-distance dispersion can be postulated since it is strictly endemic of Madeira Island. However, the ancestor of this remarkable genus remains uncertain, because no current taxa of Maloideae has evergreen leaves, folded cotyledons and a solitary pyrene with one seed, but these character states could have been present in an ancestor of Crataegus from Middle Tertiary European coasts. The current distribution of Osteomeles can be explained only by long distance dispersal, which also seems the case for most Pacific Islands' taxa. The flora of Hawaii is also formed by taxa mainly coming in from East Asia (Fosberg, 1948) .
The ultimate evaluation of the evolutionary hypotheses here developed, will be their congruence with other more elaborated datasets. despite the seemingly high level of homoplasy Aldasoro et al., 1998a ) a cladistic analysis of morphological and anatomical characters provides partial resolution among some genera of Maloideae that seems to be congruent with information from dNA sequence phylogenies and biogeography.
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